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MANAGEME NT OF THE CONSEQUENCES OF 
FETAL PROGRAMMING 

Field of the Invention 

This invention relates to insulin-like growth factor- 1(IGF-I) and its 
application for the management of metabolic disorders or other physiological 
disorders which can result from fetal programming. 

Background 

There is increasing evidence that metabolic disorders which manifest in adult 
life have their roots before birth. This concept of fetal programming is based 
on epidemiological and experimental observations of close associations 
between an adverse intrauterine environment and the later onset of adult 
metabolic and cardiovascular disorders. "Fetal programming" is herein 
defined as an adaptive process to an adverse intrauterine environment which 
alters the fetal metabolic and hormonal milieu, resulting in resetting of 
developmental processes to ensure fetal survival. The persistence of these 
adaptive responses, designed for survival in a fetal environment, into 
postnatal life, leads to metabolic and cardiovascular disorders. 

We have developed an animal model of fetal programming where we apply 
maternal undernutrition throughout gestation, generating a nutrient-deprived 
intrauterine environment that results in fetal growth retardation, postnatal 
growth failure and to changes in allometric growth patterns and endocrine 
parameters of the somatotrophic axis (1,2). We have recently shown in our 
animal model that programmed offspring show profound hyperphagia and' 
obesity, hypertension, hyperinsulinism and hyperleptinemia during adult life 
and that postnatal hypercaloric nutrition amplifies the metabolic and 



cardiovascular abnormalities induced by fetal programming (3). Thus, this 
animal model closely resembles the clinical and metabolic abnormalities 
seen in humans born of low birth weight and furthermore, displays the 
phenotype described for the clinical association between hypertension, 
hyperinsulinemia, dyslipidemia, obesity, and cardiovascular disease, known 
as Syndrome X. Epidemiological studies have shown that those born of low 
birth weight have increased rates of obesity in adult life (4). This was most 
clearly shown in a recent report from the Dutch Famine Study where poor 
nutrition in the first trimester of pregnancy resulted in increased rates of 
obesity during adult life (5). Animal studies have also shown that maternal 
malnutrition during pregnancy results in the development of adult-onset 
obesity in offspring (4,6,7). 

Profound hypeiphagia is a consequence of programming and a key 
contributing factor in adult pathogenesis. Food intake in programmed 
offspring is significantly elevated at an early postnatal age and increases 
further with advancing age (3). Our studies also suggest that an adverse 
intrauterine environment can trigger permanent dysregulation of endocrine 
systems that regulate food intake and energy homeostasis leading to 
increased adiposity, hypertension, hyperinsulinism and hyperleptinemia. 

Insulin-like growth factor-I (IGF-I) is one of the most important regulators of 
growth and IGF-I deficiency is associated with prenatal and postnatal growth 
failure (8,9). Under conditions of adequate nutrition, IGF-I has been shown 
to promote postnatal catch-up growth in rats with intrauterine growth 
retardation (IUGR) caused by gestational protein deficiency (10). IGF-I 
therapy is associated with increased insulin sensitivity in normal subjects as 
well as in patients with growth hormone deficiency, type 2 diabetes mellitus 
and type A insulin-resistance (11). IGF-I can reduce hyperglycemia in 
patients with severe insulin resistance by direct effects mediated via the IGF- 
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I receptor (12). Hyperglycemia, hyperlipemia, and insulin resistance 
cause vascular disease in type 2 diabetes. IGF-I infusions lower insulin and 
lipid levels, in healthy humans, and reduces plasma leptin concentrations in 
rats (13), suggesting that IGF-I may reduce the degree of insulin resistance in 
type 2 diabetes, obesity and hyperlipidemia (14). However, little is known 
' about the effect of IGF-I on appetite. Infusion of IGF-I has been shown to 
reduce appetite in tumour-bearing rats (15) but a recent study showed no 
effect on food intake following IGF-I treatment in normal rats, despite the 
plasma leptin-lowering effects of IGF-I in that study (13). 

Clinical studies relating to IGF-I in hypertension are limited but IGF-I has 
previously been shown to have vasodilatory effects and to improve cardiac 
function in healthy volunteers (16). Animal studies suggest a role for IGF-I 
as a mediator of cardiac hypertrophic responses (17). 
The effects of IGF-I on cardiovascular and metabolic homeostasis may be 
mediated by the insulin-like growth factor binding proteins (IGFBPs). 
IGFBP-1 and 2 levels closely reflect changes related' to nutrition, insulin 
secretion and disease states such as obesity and type 2 diabetes. IGFBP-3 
correlates with IGF-I and is a chronic indicator of GH-dependent growlh 
status (18) while IGFBP-4 appears to inhibit IGF actions under most, if not 
all, experimental conditions (19). Previous work (1,20,21) has shown 
differential expression of IGFBPs Mowing fetal growth retardation. 
However, to date, there are no data on the effect of IGF-I treatment on 
IGFBPs in postnatal life following fetal programming alone or in 
combination with hypercaloric nutrition. 

It is an object of the present invention to provide a method of managing 
and/or preventing the development of metabolic disorders Mowing fetal 
programming. It is a further or alternative object of the invention to provide 
a method or treatment for managing the consequences of fetal prograinming 
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which reduces or overcomes at least some of the above mentioned problems, 
or which will at least provides the public with a useful alternative. 

Other objects of the invention may become apparent from the following 
description which is given by way of example only. 

Summary of the Invention 

According to one aspect of the present invention there is provided a method 
of ameliorating or preventing the consequences of fetal programming in an 
.otherwise normal mammal, including the administration to the mammal of 
an effective amount of insulin-like growth factor (IGF-I), an analogue 
thereof, or a functionally equivalent ligand. 

According to a further aspect of the present invention there is provided a 
method of ameliorating or preventing the consequences of fetal 
programming in a mammal, including the steps of: 

- identifying a mammal exposed to fetal programming, and 

- treating said mammal with an effective amount of IGF-I, 
an analogue thereof, or a functionally equivalent ligand. 

In one preferred form the mammal may be a human. 

Preferably, the mammal may have no physiological symptoms and/or 
outward signs resulting from the fetal programming. 
Preferably, the mammal may be identified from a review of maternal history 
during pregnancy. 
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In an alternative preferred form the mammal may be identified according to 
one or more physiological or metabolic indicators. 

According to a further aspect of the present invention there is provided the 
use of an agent selected from IGF-I, an analogue thereof or a functionally 
equivalent ligand, in the preparation of a medicament for ameliorating or 
preventing the consequences of fetal programming in a mammal. 

According to a further aspect of the invention there is provided a method of 
treating hyperinsulinemia or insulin resistance in a mammal exposed to fetal 
programming including administration of an effective amount of IGF-I, an 
analogue thereof or a functionally equivalent ligand. 

Other aspects of the invention may become apparent from the following 
description, given by way of example and with reference to the experimental 
data 

As used herein, "analogue" means a protein which is a variant of IGF-I 
through insertion, deletion or substitution of one or more amino acids, but 
which retains at least substantial functional equivalency. 

The term "functionally equivalent ligand" means an agent which binds to 
and activates the receptors which IGF-I binds to and activates to give the 
required effect. 

Brief Description ofFigurgg 
Figure 1. 

Postnatal growth curves of AD and UN offspring from weaning until 
commencement of IGF-I treatment (AD control diet (filled circles), AD 
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hypercaloric diet (filled triangles), UN control diet (open squares), UN 
hypercaloric diet (filled diamonds).n = 6 per group, data are mean ± SEM. 



Figure 2. 

Weight gain (grams per day) during 14 days of IGF-I treatment. 
Programming effect NS, IGF-I treatment effect p < 0.0001, diet effect p 
0.05, diet x IGF-I treatment interaction p < 0.05. n = 6 per group, data are 
mean ± SEM. 
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Figure 3. 

Food intake (kcal consumed per gram body weight per day) during 14 days 
of IGF-I.treatment. Prograinming effect p < 0.0005, IGF-I treatment effect p 
< 0.0001, diet effect p < 0.0001, programming x IGF-I treatment interaction 
p < 0.005, programming x IGF-I treatment x diet interaction p < 0.05. n = 6 
per group, data are mean ± SEM. 

Figure 4 

Change in systolic blood pressure after 14 days of IGF-I treatment. 
Programming effect p < 0.0005, IGF-I effect p < 0.005, diet effect NS. There 
were no significant statistical interactions, n = 6 per group, data are mean ± 
SEM. 

Figure 5. 

Blood plasma IGF-I concentrations. Programming effect NS, IGF-I treatment 
effect p < 0.0001, diet effect NS, programming x IGF-I treatment interaction 
p < 0.05. n = 6 per group, data are mean ± SEM. 

Figure 6. 

Fasting blood plasma insulin and glucose concentrations following 14 days 
IGF-I treatment Insulin: programming effect p < 0.05, IGF-I treatment effect 
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p < 0.0001, diet effect p < 0.0005, diet x IGF-I treatment interaction p < 
0.0005. Glucose: programming effect NS, IGF-I treatment effect p < 0.0001, 
diet effect p < 0.0001. There were no significant statistical interactions for 
fasting plasma glucose concentrations, n = 6 per group, data are mean ± 
SEM. 

Figure 7 

Retroperitoneal and gonadal fat pad weight (expressed as percent body 
weight), plasma leptin concentrations following 14 days saline (open bars) or 
IGF-I (closed bars) treatment and the relationship between adipose mass and 
plasma leptin concentrations. Retroperitoneal fat: programming effect p < 
0.05, IGF-I treatment effect p < 0.0001, diet effect p < 0.0001. Gonadal fat: 
programming effect p < 0.0001, IGF-I treatment effect p < 0.0001, diet effect 
p < 0.0001. Plasma leptin: programming effect p < 0.005, IGF-I treatment 
effect p < 0.0001, diet effect p < 0.0005, progranuning x diet interaction p < 
0.05, . diet x IGF-I interaction p < 0.005. There were no significant statistical 
interactions for retroperitoneal and gonadal fat pad weight. . n = 6 per group, 
data are mean ± SEM. 

Figure 8. 

Serum IGFBPs as quantified following ligand blotting analysis. IGFBP-3 
(38-44kDa): programming effect NS, IGF-I treatment effect p < 0.0001, diet 
effect p < 0.0001, progranuning x IGF-I treatment interaction p < 0.0001, 
diet x IGF-I treatment interaction p < 0.005, programming x IGF-I treatment 
x diet interaction p < 0.05. IGFBP-1,-2 (28-30kDa): programming effect 
NS, IGF-I treatment effect p < 0.0001, diet effect p < 0.05, progranuning x 
IGF-I treatment interaction p < 0.05. IGFBP-4 (24kDa): programming 
effect p < 0.0001, IGF-I treatment effect p < 0.0001, diet effect p < 0.0005, 
programming x IGF-I treatment interaction p < 0.005, diet x IGF-I treatment 
interaction p < 0.05. 38kDa IGFBP-3: programming effect p < 0.0001, IGF- 
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I treatment effect p < 0.0001, diet effect p < 0.0005. There were no 
significant statistical interactions for the 38kDa IGFBP-3 band. Sample was 
2\il, n = 6 per group, data are mean ± SEM. 

Detailed Descrintinn of ^ e Invention 

An animal model has been established which demonstrates the significance 
of fetal programming on the subsequent development of metabolic disorders 
in adult life. This model involves "fetal programming" whereby under 
nutrition of the mother during gestation leads to prograniming of 
hyperphagia, obesity, insulin resistance and hypertension in the offspring 
(hereafter referred to as "programming" or "programmed"). The model 
substantially mimics the metabolic syndrome in humans known as 
"Syndrome X". The effects of IGF therapy on programmed animals 
receiving an ordinary or a hypercaloric diet postnatally, were investigated. 
IGF-I treatment markedly reduced appetite, obesity, hyperinsulinemia, 
hyperleptinemia and hypertension in these programmed animals. 
Importantly, there was no significant effect on blood pressure in 
normotensive animals. The effects of IGF-I may involve restoration of a 
functional feedback between insulin and leptin and/or differential regulation 
of the insulin receptor substrate (IRS), renin-angiotensin system (RAS) 
and/or IGF-I receptor signaling pathways, perhaps via a differential effect on 
IGFBPs. 

The effects of IGF-I suggest that this substance may have value as a 
treatment for hyperinsulinemia or insulin resistance in subjects exposed to 
fetal programming, or indeed in those at risk of developing such conditions 
through fetal prograniming. In particular, it may have benefit in such 
subjects prior to the development of any outward or physiological symptoms. 
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Furthermore; IGF-I treatment may be of value in ameliorating or preventing 
the consequences of fetal programming in otherwise normal subjects. Such 
subjects would be selected according to their risk of developing 
hypertension, obesity, diabetes or other metabolic disorders as a consequence 
of exposure to particular conditions in utero (ie, through programming). It 
will be appreciated that these benefits may be derived from the 
administration of ligands which bind to the IGF-I receptor as well as to IGF-I 
itself. 



Subjects may be selected for treatment on the basis of a review of maternal 
history during pregnancy. However, it will be appreciated that other 
indicators for selection of subjects for treatment may be identified, including 
particular metabolic indicators or a particular combination of metabolic 
indicators. 

The early identification of programmed individuals who are otherwise 
normal healthy subjects, before they show any physiological signs of 
metabolic disturbance, may enable effective management and prevention of 
the onset of hypertension, obesity, diabetes and other metabolic disorders; 
disorders which can be an enormous financial burden, with lifetime 
treatment. 

It is envisaged that the principle application of the method of the present 
invention will be to humans, either as adults or juveniles, although the 
method may also have application to non-human mammals. 

Whilst the method may involve administering an effective amount of IGF-I, 
it may alternatively use an analogue thereof or a functionally equivalent 
ligand. The IGF-I can be any mammalian IGF-I, with examples being 
human IGF-I, porcine IGF-I, or ovine IGF-I and bovine IGF-I. It is, 
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however, preferred that the IGF-I used be human IGF-I where the mammal is 
a human. In addition to IGF-I itself, the use of analogues of IGF-I or 
functionally equivalent ligands is contemplated. 

By analogues of IGF-I is meant compounds which exert a similar biological 
effect to IGF-I and includes IGF-2 and analogues of IGF-2 naturally 
occurring analogues (eg. des(l-3) IGF-I) or any of the known synthetic 
analogues of IGF-I. IGF-I and analogues can be purified from natural 
sources or produced by recombinant DNA techniques. Recombinant IGF-I 
and des(l-3) IGF -I can be obtained commercially. 

A protein is a functional equivalent of another protein for a specific function 
if the equivalent protein is immunologicaUy cross-reactive with, and has at 
least substantially the same function, as the original protein. The equivalent 
can be, for example, a fragment of the protein, a fusion of the protein with 
another protein or carrier, or a fusion of a fragment with additional amino 
acids. For example, it is possible to substitute amino acids in a sequence 
with equivalent amino acids using conventional techniques. Groups of 
amino acids normally held to be the equivalent are: 

(a) Ala,Ser,Thr,Pro,Gly; 

(b) Asn, Asp, Glu, Gin; 

(c) His, Arg, Lys; 

(d) Met, Leu, He, Val; and 

(e) Phe,Tyr,Trp. 

The present invention may also extend to the adniinistration of an agent 
which either stimulates the production of IGF-I, or which lessens or prevents 
inhibition of IGF-I activity. * 
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The active agent can be administered using any suitable route. Where IGF-I 
is the active agent, it may for example be administered orally or parenterally, 
in combination with one or more suitable carriers or excipients. 

Another possibility is adniinistration to the mammal of a replicable vehicle 
encoding the IGF-I/analogue/ligand. Such a vehicle (which may be a 
modified cell line or virus which expresses IGF-I/analogue/ligand within the 
mammal) could have application in increasing the concentration of the active 
compound within the mammal for a prolonged period. Such a vehicle could 
form part of an implant. 

Dosage levels will be formulation dependent. However, a suitable dosage 
range of IGF-I or analogues formulated for injection may be in the range of 
0.1 fig/kg/day to 1 mg/kg/day. A preferred dosage rate would be from about 
2 to 200 ug/kg/day. 

Dosages from 40 to 80 ug/kg/day, by subcutaneous injection once or twice 
daily, and continued for 2-5 years or more, may be appropriate in children or 
young adults. 

Experimental Data 

Materials and Methods 



Virgin Wistar rats (age 100±5 days, n=L5 per group) were time mated using 
a rat oestrous cycle monitor to assess the stage of oestrous of the animals 
prior to introducing the male. After confirmation of mating, rats were housed 
individually in standard rat cages obtaining wood shavings as bedding and 
free access to water. All rats were kept in the same room with a constant 
temperature maintained at 25°C and a 12-h light: 12-h darkness cycle. 
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Animals were assigned to one of two nutritional groups: Group 1; 
undernutrition (30% of ad-libitum (UN)) of a standard diet throughout 
gestation, Group 2; standard diet AD throughout pregnancy. Food intake and 
maternal weights were recorded daily until birth. After birth, pups were 
weighed and litter size recorded. Pups from undernourished mothers were 
cross-fostered onto dams which received AD feeding throughout pregnancy. 
Litter size was adjusted to 8 pups per litter to assure adequate and 
standardised nutrition until weaning. After weaning, female offspring from 
the two groups of dams a) AD offspring and b) offspring from 
undernourished mothers (UN) were divided into 2 balanced postnatal 
nutritional groups to be fed either a standard diet (total digestible energy 
2959kcal/kg, protein 19.4%, fat 5%, fat/energy ratio 15.21%, protein energy 
ratio 26.23) or a hypercaloric diet; (total digestible energy 4846kcal/kg, 
protein 31.8%, fat 30%, fat/energy ratio 55.72%, protein/energy ratio 
26.25%). The mineral and vitamin content in the two diets were identical and 
in accordance with the requirements for standard rat diets. The fat content of 
the hypercaloric diet is typical of that seen in many Western diets. Weights 
and food intake of all offspring were measured daily for the first 2 weeks 
then every second day. At day 175, systolic blood pressure measurements 
were recorded using tail cuff plethysmography. Rate were then weight 
matched and received either rh-IGF-I (3^g/g/day) or saline by osmotic 
minipump (Model 2002, Alzet Corp, Palo Alto, Calif. US) for 14 days. On • 
the day prior to sacrifice, a repeated systolic blood pressure was recorded. 
Rats were then fasted overnight and sacrificed by halothane anaesthesia 
followed by decapitation. Blood was collected into heparinised vacutainers 
and stored on ice until centrifugation and removal of supernatant for 
analysis. All animal work was approved by the Animal Ethics Committee of 
the University of Auckland. 
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Blood Pressure Measurements 



Systolic blood pressure (SBP) was recorded by tail cuff plethysmography 
according to the manufacturers instructions (Blood pressure analyser IITC 
Life Science, Woodland Hills, CA, USA). Rats were restrained in a clear 
plastic tube in a heated room (25-28°C). After the rats had acclimatised (10- 
15min) the cuff was placed on the tail and inflated to 240mmHg. Pulses were 
recorded during deflation at a rate of 3mmHg/sec and reappearance of a 
pulse was used to determine systolic blood pressure. A minimum of three 
clear SBP recordings were taken per animal and the coefficient of variation 
for repeated measurements was <5%. 



IGF-I infusion 



At day 175, rats were weight matched (n = 6 per group) and received either 
rh-IGF-I (Genentech Code #G1 17AZ, Batch c9831AY) or saline by osmotic 
minipump (Model 2002, Alzet Corp, Palo Alto, Calif. US). The dose was 
3ug/g/day for 14 days with a pump delivery rate of 5ul per hour. The mean 
pump rate for the batch (Lot # 167258) of pumps used was 5.23 ± 0.2nl/hr. 
Pumps containing the IGF-I or saline solution were incubated in sterile saline 
for 4 hours at 37°C prior to implantation. The osmotic pumps were 
implanted subcutaneously, under halothane anesthesia, using a small incision 
made in the skin between the scapulae. Using a haemostat, a small pocket 
was formed by spreading apart the subcutaneous connective tissues. The 
pump was inserted into the pocket with the flow moderator pointing away 
from the incision. The skin incision was then closed with sutures. All 
animals (n = 48) were housed individually for the duration of the study. 
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Radioimmunoassay (RIA) for rat insulin-like growth factor-I (IGF-I) 

IGF-I in rat blood plasma was measured using a IGF binding protein 
(IGFBP) blocked RIA described previously (22). The half maximally 
effective dose, or ED-50, was O.lng/tube and the intra- and inter-assay 
coefficients of variation were <5% and <10% respectively. 

RIA for Rat Insulin 

Rat insulin was measured by RIA- as described previously (3). Blood plasma 
was diluted 1 :4 in assay buffer (0.01M PBS containing 0.37% Na EDTA and 
0.5% BSA, pH 6.2). In brief, the primary antibody, (guinea-pig anti-ovine- 
Insulin) was diluted in assay buffer to an initial working dilution of 1:80000. 
0.1ml of diluted sample, control, or standard (rat insulin, 0.01-10ng/ml, 
Crystal Chem., Chicago) was incubated with 0.2mi of primary antibody for 
24 hours at room temperature. 0.2ml 125 I-rh-Insulin (Eli Lily, Lot No 615- 
707-208) was then added at 15-20000 counts per tube. Equilibrium 
conditions were established after 24 hours incubation at 4°C. A second 
antibody was used to separate bound from free ligand as outlined previously 
(23) and the pellet counted by gamma counter. Rat plasma samples showed 
parallel displacement to the standard curve and recovery of unlabelled rat 
insulin was 96.5±4.4% (mean ± SEM, n=ll). The half-maximally effective 
dose (ED-50) was 0.5ng/ml. 

RIAforratleptin 

A double antibody RIA was developed and validated for measurement of 
leptin in rat plasma. An antibody was raised in rabbits against a fragment (aa 
30-45) of bovine leptin. Standard preparation was rm-leptin (Crystal Chem, 
US., #CR-6781) used in concentrations ranging from 0.5 to 20ng/ml. 
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Samples were assayed neat or diluted 1:2-1:4 in assay buffer (0.05M PBS, 
pH 7.4 containing 0.1M NaCl, 0.5% BSA, lOmM EDTA, 0.05% NaN 3 ). In 
brief, iOOul of primary antibody (1:25000) was added to tubes containing 
lOOul of sample or standard. Following incubation for 24h at 4°C, 100^ of 
tracer ( 125 I-rm-leptin, 20000cpm per tube) was added to all tubes followed by 
a further incubation for 24h at 4°C. A second antibody technique to separate 
bound from free ligand was used as outlined previously (23). Rat plasma 
samples showed parallel displacement to the standard curve and recovery of 
unlabelled rm-leptin was 101.4+2.7% (mean ± SEM, n=26). The ED-50 was 
0.37ng/ml and the intra-assay coefficient of variation was <5% (all samples 
measured within a single assay). 

Blood biochemistry 

Plasma glucose concentrations were measured using a YSI Glucose Analyzer 
(Model 2300, Yellow Springs Instrument Co., Yellow Springs, OH, US). 
Blood plasma free fatty acids were measured by diagnostic kit (Boehringer- 
Mannheim #1383175). All other plasma analytes were measured by a 
BM/Hitachi 737 analyser by Auckland Healthcare Laboratory Services. 

Ligand blotting of rat plasma IGFBPs 

IGFBPs in rat plasma (2ul sample, n=6 per treatment group) were analyzed 
by ligand blotting (24) as described in detail elsewhere (25). Rat 125 I-IGF-II 
was used as radiolabel. Nitrocellulose blots were air dried and exposed to 
Kodak X-Omat AR diagnostic film (Eastman Kodak, Rochester, NY, USA) 
in Amersham Hyperscreen cassettes with intensifier screens! For 
quantification, nitrocellulose blots were exposed overnight to phospor 
imaging screens and analysed on a Storm Phosporlmager system using 
ImageQuant software (Molecular Dynamics, Sky Valley, CA, USA). All 
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values were expressed relative to a normal rat plasma pool and standardised 
to 100% for control group. The IGFBPs were identified on the basis of their 
molecular size using nomenclature previously described (26). 

Statistical Analysis 

Statistical analyses were carried out using SigmaStat™ (Jandel Scientific, 
San Rafael, CA, USA) and StatView™ (SAS Institute Inc., NS, USA) 
statistical packages. Differences between groups were determined by two- 
way (pre-IGF-I treatment) or three-way ANOVA (post-IGF-I treatment) 
followed by Bonferonni post-hoc analysis and data are shown as mean ± 
SEM. Plasma leptin and food intake data were also analysed by ANCOVA 
using unadjusted fat pad weight and body weights as covariates respectively. 
Statistical significance was assumed at the p<0.05 level. 

Results 

Maternal undernutrition resulted in fetal growth retardation reflected by 
significantly decreased body weight at birth in the offspring from UN dams 
(UN 4.02±0.03g, AD 6.13±0.04g, p<0.001). Litter size was not significantly 
different between the two groups (AD 11.7 ± 1.93, UN 11.2 ± 2.03). From 
birth until weaning at day 22, body weights remained significantly lower in 
the UN offspring (AD 51.5 ± 0.6g,UN 37.8 ± 0.9g). Total body weights on 
each diet remained significantly lower (p<0.0001) in UN offspring for the 
remainder of the study. Hypercaloric nutrition during postnatal life resulted 
in significantly (p<0.0001) increased body weights compared to control fed 
animals and by postnatal day 100 UN animals fed hypercalorically showed 
apparent catch-up growth to match the body weight of AD animals fed the 
control diet (Figure 1). Body weight gain was increased in all IGF-I treated 
animals (Figure 2) and no difference in growth response was observed 
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between AD and UN offspring. However, daily weight gain was 
significantly reduced in animals treated with IGF-I on hypercaloric nutrition 
as reflected by the significant (p<0.05) diet x IGF-I interaction. UN 
offspring were shorter than AD offspring in each treatment group and nose- 
anus lengths were significantly (p<0.05) increased in all IGF-I treated 
animals (Table 2). UN animals showed a significantly higher food intake on 
both diets compared to AD animals. Food intake was reduced (p<0.005) in 
all IGF-I treated offspring (Figure 3). A significant statistical interaction was 
observed between programming and IGF-I treatment whereby reduction in 
food intake was more pronounced in UN animals following IGF-I treatment 
(p<0.005). 

Prior to onset of IGF-I therapy, SBP was markedly elevated (pO.OOOl) in 
UN offspring on the control diet compared to AD offspring. The 
programming effect on hypertension was markedly amplified by postnatal 
exposure to hypercaloric nutrition (Table 1). SBP was significantly reduced 
with IGF-I therapy in UN animals and in the group of AD offspring which 
had elevated blood pressure as a result of postnatal hypercaloric nutrition 
(Figure 3). 

Table 1. 

Systolic blood pressure (SBP)(mmHg) prior to onset of IGF-I therapy. Data 
analysed by two-way ANOVA. Data is mean ± SEM with n = 12 animals per 
group. There were no significant statistical interactions. 



AD Control 


UN control 


AD hypercaloric 


- UN hypercaloric 


(mmHg) 


(mmHg) 


(mmHg) 


(mmHg) 


121.84± 1.67 


140.47 ±2.122 


140.04 ±2.63 


148.43 ±1.59 
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Blood plasma IGF-I concentrations were markedly increased (pO.OOOl) in 
all IGF-treated offspring (Figure 4). The rise in plasmaIGF-I concentrations 
following IGF-I treatment was less in UN animals on both diets compared to 
AD animals (programming / diet interaction p<0.05). Fasting plasma insulin 
levels were higher (p<0.05) in UN offspring and were further elevated by 
hypercaloric nutrition (p<0.0005). Treatment with IGF-I significantly 
lowered insulin concentrations (p<0.005) in all offspring; this effect was 
most marked in the animals on hypercaloric nutrition (IGF-I treatment x diet 
interaction p<0.005, Figure 5). Plasma glucose was not different between 
AD and UN offspring but was increased (pO.OOOl) by hypercaloric 
nutrition. IGF-I treated animals showed markedly reduced plasma glucose 
concentrations (p<0.0001)(Figure 5). Plasma leptin concentrations were 
higher (p<0.005) in UN offspring and were increased (pO.OOOl) by 
hypercaloric diet. IGF-I treatment significantly lowered plasma leptin 
concentrations (p<0.0005). As observed with insulin, there was a strong diet- 
IGF-I treatment interaction (p<0.005, Figure 7) with plasma leptin levels 
being most markedly reduced in offspring fed hypercalorically. Regression 
analysis revealed a strong positive relationship between plasma leptin and 
fasting insulin concentrations (r^O.75, pO.OOOl). Retroperitoneal and 
gonadal fat pads were significantly larger in UN offspring (p<0.05) and were 
further increased by hypercaloric nutrition in both AD and UN offspring 
(pO.OOOl). Treatment with IGF-I significantly reduced fat pad mass in all 
treated animals (pO.OOOl, Figure 7). Regression analysis showed a highly 
significant positive relationship between fat mass and fasting plasma leptin 
(^=0.78, pO.001). 
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Kidney weight was significantly (p<0.0001) reduced in UN offspring (Table 
2). AD and UN offspring fed hypercalorically had relatively lighter kidneys 
0X0.0001). Treatment with IGF-I significandy increased kidney weight 
(pO.0001). Heart weight was not different between AD and UN offspring 
but was reduced relative to body weight in animals fed hypercaloric 
nutrition. IGF-I treatment caused an increase in heart weight in all treated 
animals (p<0.05). Liver weight was not different between AD and UN 
offspring and were not affected by diet. IGF-I treated animals had lighter 
livers relative to body weight compared to saline controls (p<0.005). Spleen 
weight was not different between AD and UN offspring and was not altered 
by diet. However, treatment with IGF-I caused a significant increase in 
spleen weight in AD and UN treated animals (p<0.0001). Relative brain 
weight in UN offspring was reduced as compared to AD offspring and was 
lighter relative to body weight (p<0.0001) in animals fed hypercalorically 
and/or treated with IGF-I. Adrenal weight was not different between UN and 
AD animals but was significandy (pO.0001) increased with IGF-I treatment 
(Table 2). 

Plasma free fatty acid concentrations were reduced in hypercalorically fed 
animals (p<0.005, Table 3) but there was no effect of programming or IGF-I 
treatment. Plasma urea concentrations were markedly lower in UN offspring 
(p<0.05, Table 3) and were decreased in all hypercalorically fed offspring 
(JX0.0001). Treatment with IGF-I caused a significant reduction (p<0.0001) 
in urea concentrations in all treated offspring. Plasma creatinine levels were 
not different between AD and UN offspring and were unaffected by diet. 
Treatment with IGF-I lowered (p<0.0001) creatinine concentrations in all 
treated animals (Table 3). 
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Marine aminotransferase (ALT) concentrations were significantly increased 
(p<0.0001) in IGF-I treated offspring but were not different between AD or 
UN offspring and were unaltered by hypercaloric nutrition (Table 3). 
Albumin concentrations were significantly (p<0.05) lower in UN offspring 
but there was no effect of diet or treatment. Calcium levels were higher 
(p<0.05) in UN offspring but there was no effect of diet or treatment Plasma 
magnesium concentrations were markedly increased (pO.0001) with IGF-I 
treatment but were unaffected by diet and were not different between AD 
and UN offspring (Table 3). 

Plasma IGFBPs were analysed using nomenclature previously described 
(1,26). The 38-44kDa, 28-30kDa and 24kDa bands represent IGFBP-3, 
IGFBP-1,-2 and IGFBP-4 respectively. 

Analysis of plasma IGFBPs revealed that basal levels of the different 
IGFBPs were elevated in UN offspring compared to AD offspring. IGF-I 
treatment resulted in a 3- to 5-fold increase QxO.OOT) in IGFBP-3 in all IGF- 
I treated animals (Figure 8). However, there was a diminished up-regulation 
of IGFBP-3 in UN animals indicated by a significant (p<0.0001) 
prograniming x IGF-I treatment interaction (pO.0001). Hypercaloric 
nutrition significantly (p<0.0001) reduced the IGFBP-3 band compared to 
animals on the control diet and diniinished (p<0.0001) the up-regulation of 
IGFBP-3 following IGF-I treatment which was further amplified in UN 
animals with a significant (p<0.05) prograniming x diet x IGF-I treatment 
interaction. Interestingly although in UN animals the combined 38-44 kDa 
IGFBP-3 band showed impaired up-regulation following IGF-I treatment, 
analysis of the 38kDa band alone showed a marked increase in this band in 
UN animals indicating a differential pattern of up-regulation in UN animals. 
Treatment with IGF-I significantly (p<0.0001) increased (2 to 5 fold) the 28- 
30kDa bands representing IGFBP-1 and 2 and as observed with IGFBP-3 



24 



there was a diminished up-regulation of IGFBP-3 following IGF-I treatment 
in UN animals compared to AD animals (p<0.05). Similarly, hypercaloric 
nutrition significantly reduced the increase in IGFBP-1 and 2 following IGF- 



I treatment. 



The 241cDa band representing IGFBP-4 was significantly elevated in all UN 
animals (pO.OOOl) and was further amplified in all animals fed 
hypercalorically (pO.OOOl). In an opposing pattern to what was observed 
with IGFBP-1 to -3, a significant (pO.OOOl) down-regulation of IGFBP-4 
was observed following IGF-I treatment. A significant (p<0.001) 
programming x IGF-I treatment interaction revealed that IGFBP-4 was more 
markedly down-regulated in UN animals following IGF-I treatment 
compared to AD animals. A significant diet x IGF-I treatment interaction 
was observed with.IGF-I treatment resulting in a lesser reduction in IGFBP-4 
in hypercalorically fed animals compared to those fed the control diet. 

Thus, IGF-I treatment leads to a significant increase in body length, a 
marked reduction in food intake, decreased body fat mass and normalisation 
of blood pressure. Further endocrine responses include normalisation of 
fasting insulin and glucose concentrations and a major reduction in plasma 
leptin concentrations. The observation of a reduction in food intake despite 
the plasma leptin and insulin lowering effects of IGF-I invites a novel 
interpretation of IGF-I action. Firstly, IGF-I treatment may abolish the 
programming-induced leptin resistance at the leptin-hypothalamic circuitry 
and at the pancreatic adipoinsular feedback system. Secondly, IGF-I 
treatment may also ameliorate insulin resistance, both centrally and 
peripherally. 

UN animals were hyperphagic on both postnatal diets compared to AD 
animals confirming earlier observations^). However, the significant 
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decrease in plasma leptin concentrations following IGF-I treatment was 
associated with a decrease in food intake. The decrease was more 
pronounced in offspring that were programmed to become obese and 
hyperphagic in adult life and may explain the reduced body weight gain 
observed in IGF-I treated offspring fed hypercaloric nutrition. The reduced 
food intake following IGF-I treatment may be the result of the anorectic 
effect of IGF-I via its insulin-sensitizing effects and reduction of chronic 
hyperinsulinemia. Food intake was most markedly reduced in programmed 
animals fed hypercaloric nutrition; the same animals that showed the most 
marked decrease and normalisation of fasting insulin concentrations and 
normoglycemia following IGF-I treatment. 

Our data on the lipolytic effect of IGF-I support that of others (27-29) and 
suggest that the effects of prolonged IGF-I treatment on adipose tissue are 
not insulin-like as reflected by increased lipolysis and decreased body fat 
mass. IGF-I treatment may reduce body fat mass via an inhibition of the 
lipogenic capacity of adipocytes and reduction of lipogenesis in adipose 
tissue via inhibition of insulin secretion. IGF-I showed marked lipolytic 
effects with retroperitoneal and gonadal fat pad mass being markedly 
reduced concomitant with a significant decrease in fasting plasma leptin 
concentrations. 

An endocrine feedback loop between insulin and leptin, the adipoinsular 
axis, has recently been proposed (30) and it has further been suggested that 
conditions of increasing adiposity and prolonged elevation of plasma leptin 
concentration result in a dysregulation of the adipoinsular axis (31,32). Our 
data add support to this concept and suggest that the interaction between the 
leptin and insulin signaling networks is disrupted as a result of fetal 
programming and further exacerbated by postnatal hypercaloric nutrition. 
Such a dysregulation of the adipoinsular axis may contribute to some of the 
alterations in the effects of insulin action that are involved in the progression 
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to insulin resistance and adipogenic diabetes. Insulin receptor substrates 1 
and 2 (IRS-1 and IRS-2) co-ordinate essential effects of insulin/IGF upon 
peripheral metabolism and beta cell function. Recent evidence suggests that 
impaired IRS-1 expression and downstream signaling events in adipocytes in 
response to insulin are associated with insulin resistance and the pentad of 
hypertension, hyperinsulinemia, dyslipidemia, obesity, and cardiovascular 
disease, known as Syndrome X (33). Furthermore, chronic hyperinsulinemia 
downregulates the mRNA for IRS-2, an essential component of the hepatic 
insulin signaling pathway, thereby exacerbating the insulin resistant state 

(34) . Leptin can modify insulin-induced changes in gene expression in vivo 

(35) and the high concentrations , of leptin required to obtain inhibition of 
signal transduction reflect the hyperleptinemia associated with obesity in the 
insulin resistant state (36). Furthermore, IRS-2 plays a special role in 
carbohydrate metabolism through mediation of both peripheral insulin action 
and pancreatic beta cell function. Pancreatic beta cells express little or no 
insulin receptor but large amounts of type 1 IGF-1 receptor which are 
proposed to promote islet and beta cell growth and survival, especially to 
compensate for peripheral insulin resistance (37). IGF-I has been shown to 
inhibit insulin secretion from beta cells through an IGF-1 receptor-mediated 
pathway (38,39) and the IGF-I-IRS.2 signaling pathway has been proposed 
to be critical for postnatal beta cell function (37). On the basis of this 
information and our results, treatment with IGF-I may restore some of the 
cross talk between leptin and insulin via a differential modification of the 
metabolic and mitotic effects of insulin exerted through IRS-1 and IRS-2 and 
the downstream signaling events they activate. 

The highly significant increase in kidney weight with IGF-I treatment may 
be an important factor in the reduction of systolic blood pressure via changes 
in renal plasma flow and glomerular filtration rate. IGF-I treatment may 
reduce blood pressure by down-regulating the local renin-angiotensin system 
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(RAS). Importantly, IGF-I treatment only reduced systolic blood pressure in 
animals that were hypertensive as a result of fetal programming and 
postnatal hypercaloric nutrition, while systolic blood pressure in 
nonnotensive animals remained unaltered. 

This effect on blood pressure may result from improved insulin sensitivity 
and glycemic control in conjunction with the known vasodilatory effects of 
exogenous IGF-I. It may also, or alternatively involve the effects of IGF-I 
on leptin, which is believed to play an important role in the pathogenesis of 
obesity-related hypertension (40,41). 

The effect of IGF-I treatment on improving insulin sensitivity and 
ameliorating the postnatal pathophysiology following fetal prograrnming 
may be mediated by circulating IGFBPs. As IGF actions are modified by 
IGFBPs, the induction of binding proteins by IGF-I may act as a regulator of 
IGF-I in target tissues. We investigated the circulating levels of IGFBPs to 
examine whether fetal programming results in a differential expression of 
IGFBPs and whether such expression is altered by postnatal hypercaloric 
nutrition. The mechanism underlying the preferential up-regulation of the 
38kDa IGFBP-3 band in UN animals following IGF-I treatment is unclear. 

Fetal programming resulted in a significant elevation in IGFBP-4 
concentrations which were markedly amplified by postnatal hypercaloric 
nutrition. Treatment with IGF-I resulted in a significant decrease in 
circulating IGFBP-4 in all treated animals and, moreover, IGF-I treatment 
was more effective in reducing IGFBP-4 concentrations in those animals that 
had become obese as a result of fetal programnung and . hypercaloric 
nutrition. Activation of IGFBP-4 proteases by exogenous IGF-I may result in 
the degradation and inactivation of IGFBP-4.0ur data show a reduced up- 
regulation of IGFBP-3 with IGF-I treatment following fetal programming 
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concomitant with a more pronounced decrease in serum IGFBP-4 
concentrations. Thus, IGFBP-4 induced restraint on IGF-I activity at the 
tissue level may be reduced and could partially explain the amelioration of 
programming and diet-induced pathophysiology observed. To date, these 
data are the first to report an impaired and differential up-regulation of 
IGFBPs following IGF-I treatment in adults which have been subjected to 
fetal programming; an impairment which is significantly altered by exposure 
to hypercaloric nutrition postnatally. 

Our animal model displays a phenotype that closely resembles that described 
in the clinical setting as the metabolic syndrome or "Syndrome X" (33). 
Syndrome X is a multifaceted syndrome characterized by the clustering of 
insulin resistance and hyperinsulinemia, and is often associated with 
hypertension, obesity, glucose intolerance and type 2 diabetes (42). Despite 
the suggestion that insulin itself mediates the clinical linkage, the specific 
mechanisms underlying this syndrome remain poorly understood. Our data 
show that IGF-I therapy alleviates insulin resistance, hyperleptinemia and 
hypertension and may restore functional feedback between insulin and leptin 
following perturbations in the adipoinsular axis as a result of fetal 
programming. IGF-I therapy may also ameliorate obesity, hyperphagia and 
hypertension by differential regulation of downstream signaling networks via 
the IRS, RAS and IGF-I receptor signaling pathways by independent and 
complementary mechanisms. 

Of particular clinical benefit is the potential use of IGF-I, analogues or 
ligands, in individuals who have been exposed to fetal programming but are 
otherwise essentially healthy (ie. prior to the development of the 
consequences of fetal programming, such as hypertension, obesity, 
hyperphagia, diabetes and other metabolic disorders). Indeed, it is 
conceivable that such therapy may reverse the effects of fetal programming. 
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Where in the foregoing description reference has been made to specific 
components or integers of the invention having known equivalents then such 
equivalents are herein incorporated as if individually set forth. 

Although this invention has been described by way of example and with 
reference to possible embodiments thereof it is to be understood that 
modifications or improvements may be made thereto without departing from 
the scope or spirit of the invention. 
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